I, vol. 63, 167-174, October 5, 1990, Copyright © 1990 by Cell 



Identification of a Ligand for the c-kit 
Proto-Oncogene 



Douglas E. Williams,* June Elsenman,* Allison Balrd * 
Charles Rauch.t Kirk Van Ness,t Carl J. March.t 
Linda S. Park,* Unja Martin,* Diane Y. Mochizuki,* 
H. Scott Bo8well,« Gem S. Burgess,§ 
David Cosman.l and Stewart D. Lymani 

* Department of Experimental Hematology 
t Department of Protein Chemistry 

♦ department of Biochemistry 

« Department of Molecular Biology 

Immunex Corporation 

51 University Street 

Seattle, Washington 98101 

§ Department of Medicine (Hematology/Oncology) 

Indiana University School of Medicine 

Veterans Administration Hospital 

Indianapolis, Indiana 46223 



Summary 

We report the purification and N-termlnal amino acid 
sequence of a novel mast cell growth factor, termed 
MGF, from the supernatants of a murine stromal cell 
line. A panel of interieukin 3-dependent cell lines 
were screened tor responsiveness to partially purified 
MGF In pHJthymldlne Incorporation assays; prolifera- 
tive stimulation of these cells In response to MGF cor- 
related with expression of mRNA for the c-Wf proto- 
oncogene. MGF was shown to t)e a ligand tor c-kit 
by cross-linking ««i-labeled MGF to c-k/f-expresslng 
cells with subsequent Imrnunopreclpltation of the com- 
plex with antiserum specific tor the C-termlnus of 
c-Wf. This establishes MGF as a ligand for the c-kit 
protein. 

Introduction 

Mice with mutations of the steel (SO or dominant spotting 
[W) locus display a similar phenotype, characterized by a 
reduction of pluripotent hematopoietic stem cells (PHSCs), 
anemia, a deficiency of mast cells, and defects in gameto- 
genesis and pigmentation (Russell, 1979; Mintz and Rus- 
sell 1957; Mayer and Green, 1968). The hematopoietic 
defect in W mutant mice is intrinsic to the PHSC (Russell, 
1979; Russell et al., 1956; Russell and Bernstein, 1968; 
Murphy et al., 1973), whereas that of the SI mouse is the 
result of a microenvironmental aberration (Russell, 1979; 
Bernstein, 1970; Harrison and Russell, 1972; Fried et al., 
1973) Recent studies have shown that the W locus on mu- 
rine chromosome 5 encodes the c-Wf proto-oncogene 
(Chabol et al., 1988; Geissler et al., 1988). This proto- 
oncogene encodes a tyrosine kinase receptor (Yarden et 
al., 1987) that is most closely related structurally to c-fms 
(Qiu et al 1988), the receptor for macrophage colony- 
stimulating factor (CSF-1) (Sherr et al., 1985), and to the 



PDGF receptor (Yarden et al., 1986). Previous studies 
have shown that bone marrow from SI mice transplanted 
into W recipients resulted in a hematologically normal 
phenotype (Bernstein et al., 1968) and has led to the hy- 
pothesis that the gene product of the SI locus is a ligand 
for c-Wf (Chabot et al., 1988; Geissler et al., 1988). 

Long-term growth of primitive hematopoietic cells in 
vitro can be done using the Dexter-type culture system 
(Dexter et al., 1971). Both establishment and maintenance 
of these cultures require a complex stromal cell layer that 
provides the microenvironmental signals necessary for 
hematopoiesis. The colony-stimulating factors (CSB) gran- 
ulocyte-macrophage CSF, granulocyte CSF, macrophage 
CSF, and multi-CSF (interieukin 3; IL-3) do not appear to 
be important mediators in these cultures (Gualteri et al., 
19S7; Eliason et al., 1988; Li and Johnson, 1985). It is 
therefore likely that some other stromal cell-derived factor 
is responsible for regulating cell production in these cul- 
tures. This idea is supported by the fact that Dexter cul- 
tures initiated with bone marrow from SIISI^ or WIW bone 
marrow gave rise to defective cultures, consistent with the 
in vivo phenotype. and the addition of SllSfi bone marrow 
to preexisting WIW stromal layers resulted in long-term 
hematopoiesis (Dexter and Moore, 1977; Boswell et al., 
1987). 

We have previously described a pair of unique stromal 
cell clones derived from Dexter cultures of SIISI^ bone 
marrow and their normal littermates (Boswell et al., 1990). 
The cell line from the mutant mice was unable to maintain 
the viability of a panel of IL-3-dependent mast cell lines 
when cocultured, whereas the cell line derived from nor- 
mal mice supported the survival of two mast cell lines in 
the absence of exogenous growth factors (Boswell et al., 
1990). A growth factor for the mast cell lines was detected 
in concentrated supernatants from the normal stromal cell 
line, and this activity was not attributable to IL-1 through 
IL-7, CSF5, leukemia inhibitory factor (Boswell et al., 1990), 
or IL-9 (D. E. W., unpublished data). No mast cell stimula- 
tory activity could be detected in supernatants from the 
SIISI^ cell line. These observations were significant be- 
cause one of the primary defects in SI mice is in the mast 
cell lineage (Kitamura and Go, 1978; Kitamura et al., 1978). 

Several mast cell lines were used to assay this bioac- 
tivity produced by the normal stromal cell line. We now re- 
port the purification and N-terminal amino acid sequence 
analysis of a novel stromal cell-derived murine hemato- 
poietin that stimulates the proliferation of a select group 
of lL-3-dependent mast cell lines. Proliferative responses 
to this growth factor correlated with c-kit mRNA expres- 
sion, and the purified, radiolabeled protein could be cross- 
linked to responder cells and subsequently immunopre- 
cipitated with antiserum that recognizes the C-terminus of 
the c-Wf gene product. This establishes this new growth 
factor, termed mast cell growth factor (MGF), as a ligand 
for the c-Wf-encoded protein. 
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Figure 1. Stimulation of [^HlThymidine Incorporation by Partially Puri- 
fied +/+ Conditioned Medium with Various Cell Lines 
Shown are results with the MC-6 (filled circles), H7 (open circles), and 
FDC-P2-1D (triangles) cell lines. Data depict one representative titra- 
tion and are shown as cpm minus background (y axis) versus sam- 
ple dilution (X axis). Partially purified +/+ conditioned medium was 
present at a concentration of 25% (v/v) in the first well and serially 
diluted in 2-fold increments. Not shown are the results with the DA-1, 
FDC-P2, and 32D cell lines, which did not show significant pH)thymi- 
dine incorporation above that observed with medium alone. 



Results 

Correlation between c-kit mBNA Expression and 
PFollferation in Response to 
Conditioned Medium 

We previously reported that medium conditioned by the 
ceil line contains a hematopoietin (MGF) that stimu- 
lates the proliferation of two IL-3-dependent mast cell 
lines, H7 and MC-6 (Boswell et al., 1990). This proliferative 
activity could not be ascribed to IL-1, IL-2, IL-3, IL-4, IL-5, 
IL-6, IL-7, GM-CSF, CSF-1, G-CSF, LIF (Boswell et al., 
1990), or IL-9 (D. E. W., unpublished data). Because a simi- 
lar activity was not detected in supernatants from a stro- 
mal cell line derived from a steel mouse (Boswell et al., 
1990) and because of the mast cell phenotype of the 
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Figure 2. Northern Blot Analysis of Polyadenylated RNA from the 
FDC-P2, FDC-P2-1D, DA-1, H7, MCS, and 32D Cell Lines 
The blot shows the expression of the 55 kb c-Wt mRNA transcript 
in MC-6, H7, and FDC-P2-1D cells. Blots were hybridized with a ^P-la- 
belad oligonucleotide probe as described in Experimental Procedures 
and subjected to autoradiography for 14 days. The positions of the 288 
and 18S ribosomal RNAs are indicated. 

responsive cells, we postulated that this growth factor 
might be a ligand for c-Wf. 

We initially tested this hypothesis by examining a panel 
of IL-3-dependent cell lines for their capacity to proliferate 
In response to partially purified (S-Sepharose and DEAE) 
MGF. H7, MC-6, and FDC-P2-1D demonstrated enhanced 
proliferation in the presence of MGF, whereas FDC-P2, 
32D, and DA-1 cells did not (Figure 1). These same cell 
lines were also examined for expression of c-kit mRNA by 
Northern blot analysis. Only the cell lines that proliferated 
in response to MGF (H7, MC-6, FDC-P2-1D) were found to 
express c-kit mRNA (Figure 2). 

Purification and N-Terminal Sequence Analysis 
of MGF 

MGF was purified from +1+ conditioned medium as de- 
scribed in Experimental Procedures. A summary of the 
purification protocol Is shown In Table 1. MGF is extremely 
hydrophobic, eluting from a C4 reverse-phase column at 



Table 1. Purification Summary 



Conditioned medium 

S-Sepharose + 
DEAE-Sephacel 

Phenyl-Sepharose 
+ YM10 

Matrex Gel Blue A 

Vydac Ci reverse- 
phase HPLC 

Aquapore butyl reverse 
phase HPLC 



204 mg" 
33.4 mg" 



Specific Activity (U/mg) 



228,380 
497.738 



Purification Fold 



d SOS-PAGE gels; therefore, specific a- 
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Figure 3. SDS-PAGE Analysis of MGF Purified ttirough S-Sepfiarose, 
DEAE-Sephacel, Pfienyl-Sepharose, Matrex Gel Blue A, and Re- 
verse-Pfiase HPLC with a Vydac C4 Column 
The silver-stained gel is shown; directly under each lane, MGF units 
per ml (determined in the MC-6 bioassay) are indicated (y axis) versus 
the percentage acetonitrile (x axis). I^flolecular weight markers are 
shown in the rightmost lane. 



62%-65% acetonitrile. Bioactivity, as assessed by the 
ability to stimulate the proliferation of MC-6 cells, was 
shown to correlate with the presence of a 31 kd protein on 
silver-stained gels of proteins from the HPLC fractions 
(Figure 3). This is the approximate molecular weight of 
MGF previously estimated by gel filtration (Boswell et al., 
1990). 

To demonstrate that the 31 kd protein was MGF, +/+ 
conditioned medium was purified through S-Sepharose, 
DEAE-Sephacel, phenyl-Sepharose, Matrex Gel Blue A, 
reverse-phase HPLC on a C4 Vydac column, and reverse- 
phase HPLC on an Aquapore butyl column as described 
in Experimental Procedures. Fractions containing MGF 
were pooled and radiolabeled with ^^^i. Comparison of 
silver-stained SDS-PAGE gels of this MGF preparation 
and autoradiography of the labeled material demon- 
strated that 31 and 36 kd protein species were labeled with 
iz6| (Figure 4A). Longer exposures of '^si-labeled material 
did not reveal any additional protein species in the 20-40 
kd molecular weight range (data not shown). The 31 kd 
protein specifically bound to MC-6 cells (MGF responder) 
but not to 32D cells (MGF nonresponder) (Figure 48). This 
binding to MC-6 cells was inhibited by the addition of a 20- 
fold molar excess of unlabeled MGF obtained from the 
same fraction that was used for radiolabeling. The 36 kd 
protein also demonstrated the same pattern of specific, 
competable binding to MC-6 cells but not to 32D cells (Fig- 
ure 4B). 

Purified MGF was transferred to a polyvinylidene difluo- 
ride (PVDF) membrane for N-terminal sequence analysis. 
Silver-stained gels of this purified material indicated that 
the active fractions after Aquapore HPLC purification con- 
tained diffusely staining proteins of 31 and 36 kd (which 
were the same as those identified in the cell binding 
studies) as well as three larger, contaminating proteins of 



greater than 55 kd, which showed only nonspecific bind- 
ing to both MC-6 and 32D cells (Figure 48). Both the 31 
and 36 kd proteins were transferred to PVDF membrane 
for sequencing and showed identical N-termini (Table 2). 
Searches of the GenBank, Swiss-Prot, and NBRF protein 
data bases Indicated that this sequence was unique. 

Identification of MGF As a Ligand for c-kIt 

To determine whether MGF might specifically bind to c-kit, 
i25|.|abeled MGF was added to MC-6 and 32D cells in the 
absence and presence of excess unlabeled MGF and 
treated with the cross-linking reagent bis(sulfosuccini- 
midyl) suberate (BS3). Cell lysates were then prepared 
and immunoprecipitated with a polyclonal antiserum that 
recognizes the C-terminal portton of c-W(. The immuno- 
precipitated proteins were separated by SDS-PAGE and 
analyzed by autoradiography. A cross-linked complex was 
specifically immunoprecipitated by the anti-c-M antise- 
rum from MC-6 cell lysates incubated in the absence of 
unlabeled competitor; this complex had an approximate 
molecular weight of 175-180 kd (Figure 40). Preimmune 
sera did not immunoprecipitate this complex, nor was the 
complex observed when cross-linking was done in the 
presence of excess unlabeled MGF. Subtracting the mo- 
lecular weight of the c-kit protein (145 kd) from the vreight 
of the cross-linked complex indicated that the ligand is 
about 30-35 kd. MGF is the only detectable protein in the 
bioactive HPLC fractions in this molecular weight range 
and represents the only protein species showing specific, 
unlabeled competable binding to MC-6 cells. No evidence 
was seen for MGF binding to 32D cells, which do not ex- 
press c-kit mRNA. 

We also examined the binding and cross-linking of iodi- 
nated MGF to COS-7 cells that had been transfected with 
a cDNA encoding the murine c-kit gene. After binding and 
cross-linking of the radiolabeled material to the cells, ly- 
sates were prepared and incubated with antibodies to the 
C-terminus of the c-kit protein. As with the MC-6 cells, a 
cross-linked complex of approximately 180 kd was specifi- 
cally immunoprecipitated by the anti-c-Wf antiserum; no 
such complex was precipitated with this antiserum from 
nontransfected COS-7 cells, nor from the c-fc/f-transfected 
cells using preimmune serum (Figure 4D). An identical 
complex was immunoprecipitated from the c-fr/f-trans- 
fected COS-7 cells with an antiserum to the kinase domain 
of the c-Wf protein (data not shown). Finally, the addition 
of excess unlabeled MGF blocked the formation of the ra- 
diolabeled complex. 

Antisera specificity in these experiments was confirmed 
by immunoprecipitation studies using pS)methionine- 
labeled MC-6, 32D, and Rat-2 cells stably expressing a 
c-kit cDNA clone (data not shown). The antiserum to the 
C-terminus of c-kit specifically immunoprecipitated a pro- 
tein of 145-150 kd from lysates of c-WWransfected Rat-2 
cells or MC-6 cells, but not from nontransfected Rat-2 cells 
or 32D cells (data not shown). Preimmune sera did not im- 
munoprecipitate any detectable c-kit proteins from any of 
the aforementioned cells. Two additional antisera raised 
against synthesized peptides corresponding to amino 
acids 76-89 and 730-743 of the c-Wf-encoded protein 
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Figure 4. Binding of '^l-MGF to MGF-Respon- 
sive and MGF-Nonresponslve Cells, and 
P Cross-Linking Data Identifying MGF As a 

Ligand for c-*/f 

^ o nn W Comparison of a silver-stained SDS-PAGE 

^ gel of purified MGF (from Table 1) in lane A with 

an autoradiograph of the same MGF propara- 
"1 (after radiolabeting with in lane B. 

_gg (B) Results of whole-cell binding and cross- 

Mr linking studies that were done on MGF- 

xlO'^ responsive MC-6 cells (lanes A-C) and MGF- 

- 43 nonresponsive 32D cells (lanes D-F). In these 

experiments, '^'l-MGF was added to colls in 
the absence or presence of an excess of nonla- 
beled MGF for 30 min at 37°C. After exten- 
-29 sive washing of the cells to remove untjound 

i26|.MGF, cell lysates v»ere prepared and pro- 
teins were separated by SDS-PAGE for analy- 
sis by autoradiography. In some cases, the 
*- cross-linking agent BS3 was added to colls af- 

ter they were washed. Lanes A and D show the 
radiolabeled proteins bound to MC-6 and 32D 
cells, respectively, in the absence of cross- 
linker. Lanes B and E show proteins bound to 
cells in the presence of BS3, and lanes C and 
^ F show proteins bound in the presence of both 

COS-7 KIT .^OS^ and excess nonlabeled MGF. 

CClD CC^' (C and D) Results of cross-linking and immuno- 

ca-y S£fl precipitation experiments using antiserum to 

g _ f I ^ t the C-terminus of the c-Wt-encoded protein, 

i ^ i o 2 o ^ o COLD COMP refers to cross-linking done in 

the presence of excess nonlabeled MGF In (C), 
glg?i:<£< '"l-MGF was cross-linked to MC-6 and 32D 

- ^ - " cells (see Experimental Procedures); cell ly- 

vB sates were then prepared, incubated with ei- 

ther preimmune serum or anti-c-Wt antiserum, 
and then immunoprecipitated and autoradio- 
m graphed. In (D), '^^l-MGF was cross-linked to 

COS-7 cells that had been transfected with ei- 
ther a murine c-Wf cDNA (COS-7 KIT) or vector 
only (COS-7) as described in Experimental 
Procedures; cell lysates were then made and 
incubated with either preimmune serum or 
anti-c-k/Y antiserum, followed by immunopre- 
cipitation and autoradiography Arrows in (C) 
and (D) show the position of the cross-linked 
i25(.MGF-c-fcft complex. 



showied a pattern of reactivity identical to that of the antise- 
rum used in the present studies (data not shov\/n). 

In addition to the 175-180 kd complex immunoprecipi- 
tated by the anti-c-Wf antiserum, a much higher molecular 
weight complex was precipitated in the MC-6 and trans- 
fected COS-7 cells (Figures 4C and 4D); this band may re- 
sult from the cross-linking of ligand to receptor dimers. 
Evidence for ligand-induced receptor dimerization (or oli- 
gomerization) has been seen with other members of the 
receptor tyrosine kinase family, including the epidermal 



growth factor receptor (Cochet et al., 1988) and the plate- 
let-derived growth factor receptor (Andrius Kazlauskas, 
personal communication). 

Discussion 

The pleiotropic nature of mutant alleles at the steel (SI) 
and dominant spotting {W) loci has been intensely studied 
and has been of particular interest in the study of hemato- 
poiesis (Russell, 1979). The defect occurs at the level of 
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lal Amino Acid Sequence of the 31 and 36 



(C) G N P V T D N 



25 26 27 28 29 30 31 

31 kd D Y M I T L N 



32 33 34 35 36 



36 l<d D V L 

49 SO 51 

31 l<d V I 

36 kd (1) Q 



43 44 45 46 47 48 

W Y D M 

(W) L (D) (D) (M) 

55 56 57 58 59 60 



(D) 



(W) 



N-lerminal amino acid sequence analysis was periormed on MGF pu- 
rified as described in Experimental Procedures after transfer to PVDF 
membrane. Botfi the 31 and 36 kd species, which demonstrated specif- 
ic binding to MGF-responsive cells, were sequenced. ^ 



the PHSC in both mouse mutants; however, the erythroid 
(Russell, 1979; Harrison and Russell, 1972) and mast cell 
(Russell, 1979; Kitamura and Go, 1978; Kitamura at al., 
1978) lineages are disproportionately affected. W mice 
possess an intrinsic abnormality at the level of the PHSC 
(Russell, 1979; Russell et al., 1956; Russell and Bernstein, 
1968; Murphy et al., 1973). This has been demonstrated 
in experiments in which histocompatible, normal hemato- 
poietic cells from bone marrow, spleen, or fetal liver were 
injected into WIW recipients with subsequent cure of the 
hematopoietic defects (Russell, 1979; Russell et al., 1956, 
Russell and Bernstein, 1968; l^urphy et al., 1973; Bern- 
stein, 1970). Similar injection of normal hematopoietic 
cells into SI mice (S/ZS/^O failed to reconstitute hematopoi- 
esis (Russell, 1979; Bernstein, 1970; Harrison and Rus- 
sell, 1972; Fried et al., 1973); however, transplantation of 
SIISI" hematopoietic tissue did reconstitute hematopoie- 
sis in W/W" mice (Russell, 1979; Bernstein, 1970). This 
indicates that the defect in SllSfi mice is not intrinsic to 
PHSCs. Intergenotype transplantation of spleens has 
shown that the defect in hematopoiesis in SI mice is 
related to the microenvironment (Russell, 1979; Bernstein, 
1970; Fried et al., 1973). Similar conclusions have been 
reached in vitro using long-term bone marrow cultures 
(Dexter and Moore, 1977). 

Recent studies have demonstrated that the c-Wf proto- 
oncogene maps to the IV locus on murine chromosome 
5 (Chabot et al., 1988; Geissler et al., 1988). A number of 
mutant alleles have been sequenced and have shown ei- 
ther rearrangement, deletions, or point mutations in the 
c-Wf coding sequence (Geissler et al., 1988; Nocka et al., 
1990; Tan et al., 1990; Reith et al., 1990). In addition, 
studies of c-kit mRNA levels in the affected tissues of mu- 
tant W mice, and reductions in c-Wf tyrosine kinase activity 
in the mutants, provide strong supportive evidence for the 
identity of c-kit as a product of the W locus (Nocka et al., 
1989, 1990). The complementary nature of the W and S/ 



mutations led to the hypothesis that the gene product of 
the SI locus encodes a ligand for c-Wf (Chabot et al., 1988; 
Geissler et al., 1988). 

We have previously described the preliminary charac- 
terization of a stromal cell clone derived from the bone 
marrow of a normal mouse (-hZ-h) (Boswell et al., 1990). 
This cell line, but not a stromal cell clone derived from an 
SIISI^ bone marrow culture, could support the survival of 
two IL-3-dependent mast cell lines (H7, MC-6) in the ab- 
sence of exogenous grovrth factors (Boswell et al., 1990). 
Supernatants from +/-t- cells contain a grovrth factor 
(MGF) for H7 and MC-6 cells (Boswell et al., 1990). The 
mast cell phenotype of the responder cell lines coupled 
with the inability of similar stromal cells from mutant SI 
mice to support the survival of H-7 and MC-6 cells led us 
to postulate that the growth factor from -t-Z-t- cells repre- 
sented a ligand for c-kit. This hypothesis was further 
strengthened by the direct correlation between respon- 
siveness of a panel of IL-3-dependent cell lines to partially 
purified -t-Z-i- supernatants and the expression of c-Wf 
mRNA. 

Biologically active MGF was purified by a series of chro- 
matographic separation procedures. Following the initial 
reverse-phase HPLC purification on a Vydac C4 column, 
a correlation between bioactivity in the MC-6 proliferation 
assay and the presence of 31 and 36 kd protein species 
was observed. Whole-cell binding experiments with i2S|-la- 
beled, purified MGF were carried out to identify the pro- 
tein species responsible for biological activity. Specific 
binding of iodinated MGF, which was competed by excess 
unlabeled material, was observed on MC-6 cells and cor- 
related with proteins of 31 kd and 36 kd. Sequence analy- 
sis of these two proteins indicated that they had identical 
N-termini. The difference in molecular weight may reflect 
differential glycosylation, as silver-stained gels revealed 
very diffuse bands for both protein species. Preliminary 
N-glycanase digestions of purified MGF confirm the pres- 
ence of N-linked sugars (C. R., unpublished data), indicat- 
ing that MGF is a glycoprotein. 

Cross-linking studies using radiolabeled MGF followed 
by immunoprecipitation with an antiserum specific to the 
C-terminus of c-Wf indicated that a ligand for c-Wf was 
present in the i^^i-iabeled fraction. The molecular weight 
of the observed receptor-ligand complex indicated that 
the ligand is 30-35 kd in size. The only detectable protein 
species by either silver staining of SDS-PAGE gels or au- 
toradiography of radiolabeled material in the 30-35 kd 
range were the two protein species for which N-terminal 
sequence was obtained. This Indicated that MGF was a 
ligand for the c-Wf proto-oncogene. In the accompanying 
report (Copelandetal., 1990), isolation of cDNA clones for 
MGF and chromosomal localization studies indicate that 
the gene encoding MGF maps near the SI locus on mouse 
chromosome 10 and is deleted in a number of SI alleles. 

Throughout this paper we have referred to MGF as a 
ligand, rather than the ligand, for the c-Wf proto-oncogene. 
We cannot rule out the possiblity that there are multiple 
ligands capable of binding to c-Wf. For example, it has 
been shown that GM-CSF and IL-3 bind to a common cell 
surface receptor (Park et al., 1989); these cytokines are 
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Closely linked on human chromosome 5 (Le Beau et al., 
1987; Huebner et al., 1985). Thus, we recognize that 
ligands in addition to MGF may be capable of binding to 
the c-Wf-encoded receptor. 

Experlmentel Procedures 

Cell Lines 

The NFS.N1.H7 {H7), NFS.N1.MC6 (MC-6), and +/+ cell lines have 
been described (Boswell et al., 1990). H7 and MC-6 cells were grown 
in Click's (Altick Associates, River Falls, Wl) or McCo/s 5A (GIBCO, 
Grand Island, NY) medium, respectively, supplemented with 10% 
heat-inactivated <56°C, 30 min) fetal bovine serum (FBS; Flow Ubora- 
tories, McLean, VA), 5 x IQ-s M 2-mercaptoethanol (GIBCO), and 
recombinanl murine IL-3 (Park et al. , 1986a). The FDC-P2, FDC-P2-1D, 
DA-1 and 32D cell lines have also been described (Williams et al., 
1990) and these lines were grown in RPI^I 1640 (GIBCO) with 10% 
FBS 5 X 10-= M 2-mercaptoethanol, and 10% WEHI-3B conditioned 
medium as a source of IL-3 (Prestige et al., 1984), with the exception 
of FDC-P2-1D which was grown in 20 ng/ml of purified recombinant 
murine GM-CSF (Park el al., 1986b). The +/+ cell line was routinely 
passaged twice weekly in McCoy's medium with 10% FBS. For collec- 
tion of conditioned medium, cells were grown in roller bottles (Corning, 
Corning NY) until they reached approximately 80% confluency Me- 
dium was then removed, and cells were refed with Opti-MEM (GIBCO) 
serum-free medium and incubated in a 37«C warm room for 5 days. 

Prollteratlon Assays 

Cell proliferation was assessed in pHJthymidine incorporation assays. 
Serial dilutions of growth factors were made in 96-well flat-bottom tis- 
sue culture plates (Costar, Cambridge, MA) in the appropriate growth 
medium at a final volume of 50 jil. Cells were seeded at time zero (50 
^1 volume), and the plates were incubated al 37°C in a fully humidified 
atmosphere of 6.5% COz in air for 24 hr (40 hr for DA-1). Cells were 
pulsed with 05 (iCi per well of pHlthymidine (25 Ci/mmol, Amersham, 
Arlington Heights, IL) and incubated for an additional 5-6 hr Samples 
were harvested onto glass fiber filters and counted by liquid scintilla- 
tion spectrometry 

Purification of MGF 

The conditioned medium from +/+ cells was acidified to pH 2.75 by 
the addition of concentrated HCI and buffered with sodium citrate (pH 
325) to a final concentration of 5 mM. The acidified conditioned 
medium was applied to an S-Sepharose Fast Flow column (Pharma- 
cia Piscataway, NY) equilibrated with 0.1 M NaCI, 5 mM sodium citrate 
(pH 3.25) and eluted with 0.1 M EPPS (pH 85) (Sigma Chemical, St. 
Louis, MO). The eluted protein peak was diluted 1:3 with water and ap- 
plied to a DEAE-Sephacel (Pharmacia) column equilibrated with 10 
mM EPPS (pH 85). The column was eluted with an NaCI gradient 
(0-05 M NaCI in 10 mM EPPS |pH 85D. Active fractions were pooled 
following bioassay, adjusted to 2 M ammonium sulfate (ultra pure; ICN 
Biomedicals, Cleveland, OH), 20 mM Tris-HCI (pH 75) (Sigma), cen- 
trifuged to remove precipitated proteins, and applied to a phenyl- 
Sepharose CL-4B (Pharmacia) column equilibrated with 2 M ammo- 
nium sulfate, 20 mM Tris-HCI (pH 75). The column was washed and 
eluted with a reverse gradient from 2 M to 05 M ammonium sulfate in 
20 mM Tris-HCI (pH 7.5). Aliquots of fractions were dialyzed against 
PBS (6000-8000 dalton cutoff membrane; Bethesda Research Lab- 
oratories, Gaithersburg, MD) and bioassayed. Active fractions were 
pooled, and buffer was exchanged with 5 mM CaClj, 20 mM HEPES 
(pH 75) and concentrated 10-12 times with an Amicon (Amicon Corp.. 
Lexington, MA) stirred cell concentrator with a YM10 membrane. The 
concentrated phenyl-Sepharose pool was passed over a Matrex Gel 
Blue A (Amicon Corp.) column washed with 5 mM CaClj, 20 mM 
HEPES (pH 75). The Blue A pool was acidified with trifluoroacetate 
(TFA) to 0.1% (v/v), 0.22 pm filtered (cellulose acetate filter), and chro- 
matographed by HPLC on a Radial Pak (Waters) 0.8 x 10 cm column 
packed with Vydac C4 (15-20 urn; Vydac, Hesperia, CA) equilibrated 
in 0 1% TFA in water. The column was eluted with a 1% per min linear 
gradient of acetonitrile (0.1% |v/v] TFA) al a flow rate of 0.8 ml/min. 

Fractions with MGF activity were dried to 10% of the original volume 
with a Speed Vac apparatus (Savant Instruments) and rechromalo- 



graphed by HPLC on an Aquapore butyl column (7 nm, 30 x 2.1 mm; 
Applied Biosystems, Foster City, CA) preequilibrated with 0.1% TFA in 
HjO at a flow rate of 0.2 ml/min. 

Bioactive material from the Aquapore column was dried dov/n and 
resuspended in gel sample buffer and heated to 110°C for 5 min. The 
protein was then separated using a 10% Laemmli gel and transferred 
onto PVDF membrane (Pro-Blot, Applied Biosystems) using constant 
current (60 V setting) for 1 hr. The proteins were visualized by staining 
the PVDF membrane for 5 min with Coomassie blue at 0.1% in 10% 
acetic acid, 50% HPLC-grade methanol, and HPLC-grade H^O. The 
membrane was deslained with the above solution without Coomassie 
blue and then washed extensively with HPLC-grade HjO before dry- 
ing. Stained proteins were excised with a single-edged razor and 
loaded onto a model 477 protein sequencer (Applied Biosystems) with 
an on-line model 120A HPLC analyzer (Applied Biosystems) for N-ter- 
minal sequencing. 

Radlolabeling of MGF and Blrullng to Intact Cells 

Labeling of MGF with "5| was performed with a previously described 
Enzymobead procedure (Park et al., 1986b) using aliquots of MGF ac- 
tive fractions (Vydac C, or Aquapore derived) containing 1-5 ng of to- 
tal protein diluted to a final volume of 50 nl in 0.2 M NaP04 (pH 7.2). 
For a cold competition stock, an aliquot of the HPLC fraction used for 
radlolabeling was exchanged into an equivalent volume of binding 
medium (RPM1 1640, 20 mM HEPES, 0.2% NaNa, 25% BSA [pH 7.2]) 
by evaporation under nitrogen. Whole-cell binding studies wrere car- 
ried out essentially as previously described (Namen et al., 1988b). In 
brief, 6 X 106 mc-6 (MGF responder) or 32D (MGF nonresponder) 
cells were combined with 3x10' cpm of labeled MGF with or without 
50 111 of unlabeled competition stock in a final volume of 160 \i\ of bind- 
ing medium. Tubes were incubated for 30 min at 37°C with rocking . and 
the cells were then washed by centrifugation three times in cold PBS. 
After the final wash, cell pellets were extracted for 20 min at 4°C in 50 
nl of PBS containing m Triton X-IOO, PMSF (2 mM), pepstatin (10 nM), 
leupeptin (10 (iM), o-phenathroline (2 mM), 0.4 mg/ml trypsin inhibitor, 
250 mM benzamidine, 50 mM EDTA, 1 mg/ml E-64, 0.02% NaNs, and 
EGTA (2 mM) (Sigma). The suspension was centrituged, and superna- 
tants were analyzed by autoradiography after SDS-PAGE analysis as 
described (Park et al., 19e6b). For affinity cross-linking experiments, 
cells were incubated for 30 min at 25'>C with BS3 (Pierce Chemical, 
Chicago, IL) at a final concentration of 0.1 mg/ml prior to extraction and 
SDS-PAGE analysis as described (Park et al., 1986b). 

Cloning of the Murine c-kli cDNA 

A cDNA corresponding to the murine c-kit gene was cloned using the 
polymerase chain reaction (Saiki et al., 1985) from poly(A)*-selected 
mRNA isolated from MC-6 cells. The 3.0 kb cDNA vras sequenced and 
compared with the published murine c-kit sequence. Two changes at 
the amino acid level were noted upon comparison with the published 
sequence (Qiu et al., 1988): our clone had an alanine instead of glu- 
tamic acid at amino acid 207, and a glycine instead of an alanine at 
amino acid 777. Multiple cDNA clones were sequenced to ensure that 
these changes were not random artifacts of the PCR amplification 
technique. This c-kit cDNA was inserted into the pDC302 expression 
vector plasmid lor transient expression in COS-7 cells as previously de- 
scribed (Mosley et al., 1989). 



Antiserum to Murine c-k/f-Encoded Protein and 
Immunoprsctpltatlon Studies 

Anti-peptide antiserum to the murine c-kit protein was generated as fol- 
s. A C-terminal peptide corresponding to the last 10 amino acids of 
published sequence was synthesized, conjugated with ovalbumin, 
and injected into rabbits. Serum used for immunoprecipitation experi- 
ments was obtained from the rabbits after an initial Injection and four 
subsequent boosts. Metabolic labeling of cells was performed with 
pssjmethionine (Amersham) as previously described (Namen et al., 
1988a), Immunoprecipitations were performed on lysates of ^^^-ia- 
cells, or from cell lysates obtained after cross-linking as de- 
d under "Radiolabeling of MGF and Binding to Intact Cells," Five 

against the C-terminal c-kit peptide was added to 100 nl of cell 
lysate and placed at A'C for 1 hr. Samples were then incubated with 
protein A-Sepharose (Pharmacia) for 30 min, and the immune com- 
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plexes were washed extensively prior to SDS-PAGE and autoradiogra- 
phy as previously described {Lyman and Rohrschneider, 1989). 

Northern Blot Analysis of c-k/l mRNA 

Two micrograms of poly(A)+-se(ected mRNA isolated from a variety of 
cell lines was electrophoresed in 1.2% agarose gels in the presence 
of 0.74% formaldehyde (Maniatis et al., 1982) and analyzed by North- 
ern hybridization. After electrophoresis, the gel was blotted onto 
Hybond-N (Amersham) and mRNA was transferred by capillary action 
in lOx SSC (3 M NaCI, 0.3 M sodium citrate). mRNA was subsequently 
cross-linked to the filter by exposure to UV light. A 21 nucleotide an- 
tisense probe (5'-TOTACCGTCACGCTGAGCAGC-3') corresponding to 
a portion of the extracellular domain of the o-A/f gene was radiolabeled 
with |Y-32P1ATP using T4 polynucleotide kinase and hybridized to the 
nitrocellulose blot. Filters were incubated overnight at 55°C in hybrid- 
ization buffer (60 mm Tris [pH 8.0], 2 mU EDTA, 5x Denhardt's solu- 
tion, 6x SSC, 0.1% lauryl sarcosine, 05% NP40, 200 ng/ml sheared 
salmon sperm DNA) with the radiolabeled probe and then washed for 
30 min in 0.1 x SSC, 0.1% SDS at S5'V. Autoradiography was per- 
formed at -70°C using Kodak X-Omat AR film {Kodak, Rochester, NY). 
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CYTOKINE RESEARCH has been a field 
of extraordinary growth during the past 
few years. Although the nomenclature 
of this field has been fragmented into 
growth factors, hormones, lymphokines 
and colony stimulating factors (reflect- 
ing the different contexts in which the 
cytokines were discovered), there has 
been a general realization that these 
subcategories are rather artificial, and 
that most cytokines exhibit a range of 
biological activities on disparate cell 
types. In order to understand how 
fl^ese diverse effects are mediated in 
^he responder cell, many groups have 
begun to characterize cytokine recep- 
tors at the molecular level. As a result 
of these efforts, it has become clear 
that cytokine receptors can be grouped 
into a number of families on the basis of 
structural homologies. For example, the 
receptors for interleukin-1 OH) and 
platelet-derived growth factor are mem- 
bers of the immunoglobulin superfam- 
ily, based on homologies between their 
extracellular, llgand-binding domains; 
this superfamily includes cell-surface 
adhesion molecules, T-cell antigen 
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The amino acid sequences of several, recently cloned cytokine receptors 
show significant homologies, primarily in their extracellular, ligand-binding 
domains With one exception, their cognate cytokines mediate biological 
activities on a variety of hematopoietic cell types; thus we have 
designated the receptors as the hematopoietin receptor superfamily. 



receptors and other membrane glyco- 
proteins'. Recently, a new cytokine 
receptor superfamily has been recog- 
nized as more of its members have 
been cloned and sequenced. This ar- 
ticle will review the structural charac- 
teristics of this new family of receptors, 
which we have termed the hemato- 
poietin receptor superfamily, and will 
speculate on the possible function of 
these elements. 

The hematopoietin receptor superfamily 

The members of this family include 
the receptors for; lL-2 (the ^subunit, 
also known as p75), lL-3, lL-4, lL-6, lL-7, 
granulocyte-macrophage colony stimu- 
lating factor, prolactin, growth hormone 
and erythropoietin, A complete descrip- 



tion of the biological activities of the li- 
gands for these receptors is beyond the 
scope of this article but can be found 
elsewhere". In brief, lL-2 stimulates 
proliferation of T cells, and lL-3 acts to 
promote growth of a variety of 
hematopoietic lineages, including early 
stem cells, lnterleukin-4 is also a 
hematopoietic growth and differen- 
tiation factor with effects on T, B and 
mast cells; lL-6 has even wider activities 
as a growth and differentiation factor 
for T cells, B cells, hepatocytes, and 
neuronal cells (among others). Inter- 
leukin-7 is a growth factor for pre-B cells 
and both immature and mature T cells; 
GM-CSF is a growth and differentiation 
factor for neutrophils, basophils, eosin- 
ophils, and monocytes/macrophage. 
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Figure 1 

The hematopoietin receptor superfamily. Schematic representations of the structures of ail 
the known members of the family are shown. Horizontal bars represent conserved cysteine 
residues The black boxes represent the conserved Trp-Ser-X-Trp-Ser (WSXWS) motif. The 
stippled areas show the stretch of -210 amino acids within which the receptor homologies 
are contained. The immunoglobulin-like domain at the N-terminus of the IL-6 receptor is 
also indicated. 



Prolactin is best characterized for 
promoting the development of the 
mammary gland and lactation, but has 
also been shown to stimulate lympho- 
cyte proliferation". Growth hormone 
induces expression of the insulin-like 
growth factor-] from the liver (and 
through this secondary action pro- 
motes growth)^ and erythropoietin 
stimulates growth and differentiation of 
immature erythroblasts^. 
The receptors for growth hormone 
^from rabbit and human liver) and pro- 
lactin (from rat liver and rabbit mam- 
mary gland) were the first members of 
this family to be cloned'-". These recep- 
tor sequences showed considerable 
homology, which was not unexpected 
since growth hormone and prolactin are 
related and can even bind to each 
other's receptor. The structure of these 
receptors was recognized as prototypi- 
cal of a new class of transmembrane 
receptors. The IL-6 receptor (IL-6R) was 
cloned shortly thereafter from a human 
natural killer (NK) cell line'". It was 
found to have a single, N-terminal, 
immunoglobulin-like domain, but the 
structural relationships between the 
remainder of the extracellular domain 
of the lL-6 receptor and the prolactin 
and growth hormone receptors was not 
recognized at the time because of the 
small number of conserved amino 



acids. The next receptors cloned in this 
family were the murine erythropoietin 
receptor (from an erythroleukemia cell 
line) and the 11^2 receptor (J-subunit 
(from a human NK cell line)" 'l The 
considerable homology between these 
latter two receptor sequences was sub- 
sequently recognized". The first pub- 
lished reports of a larger family of 
receptors came simultaneously from 
our group (as a result of our cloning of 
the murine and human lL-4 receptors), 
from Gearing et al. describing the hu- 
man GM-CSF receptor, and by Bazan"^". 
Subsequent cloning of the murine 
lL-3 and human and murine lL-7 recep- 
tors served to expand this family even 
further'^'l 

Structural homolo^es 

A schematic representation of the 
members of the superfamily is shown in 
Fig. 1. All the receptors are type 1 mem- 
brane glycoproteins, oriented with their 
N-termini outside the plasma mem- 
brane as shown and with a single 
hydrophobic transmembrane domain. 
The molecules are translated with an 
N-terminal signal sequence that directs 
the translocation of the nascent poly- 
peptide across the membrane of the 
endoplasmic reticulum, and which is 
subsequently removed. 

The major region of homology 



between the receptors occurs in the 
extracellular, ligand-binding domain, 
and is contained within a stretch of 
about 210 amino acids (stippled in Fig. 
1). The characteristic, highly conserved 
features of this region are four cysteine 
residues located in the N-terminal half 
of the region, and a Trp-Ser-X-Trp-Ser 
motif (WSXWS) located just outside the 
membrane-spanning domain (Fig. 1). 
These features are found in all of the 
receptors except the IL-7 receptor 
(which has only two of the conserved 
cysteines) and the growth hormone re- 
ceptor (which lacks the WSXWS motiO- 
This conserved extracellular region 
appears to have been duplicated in the 
IL-3 receptor; however, the N-terminal 
half of this duplicated region lacks 
the WSXWS motif. 

The homologies between the recep- 
tors within this conserved extracellular 
region were quantitated using the align 
program, which compares two se- 
quences and gives them a score ac- 
cording to their degree of relatedness. 
A score of greater than three is con- 
sidered to show a significEuit evolution- 
ary relationship'. Table I shows the pair- 
wise ALIGN scores and (in the shaded 
area) the percentage amino acid iden- 
tity between all the members of the 
hematopoietin receptor superfamily. 
With a few exceptions (such as the 
murine IL-4 receptor versus the human 
growth hormone receptor), the scores 
are all greater than three, and most are 
in the range of four to nine. These 
scores are similar to those calculated 
between members of the immunoglobu- 
lin superfamily. The erythropoietin 
receptor shows relatively high augn 
scores with all the other members of 
this family and thus appears to occupy 
a central evolutionary position. 

Although the four cysteines and the 
WSXWS motif are the more strikingly 
conserved elements of this region, 
other conserved amino acid residues 
can be found. Figure 2 shows an align- 
ment of the whole conserved region 
among 13 of the receptors. Amino acids 
conserved in six or more of the recef)- 
tors are boxed. The structural or func- 
tional importance, if any, of particular 
residues that appear to be conserved 
will have to be addressed by biophysi- 
cal characterization and site-specific 
mutagenesis, followed by ligand-binding 
and signal transduction assays. It is 
striking, however, that not only is the 
amino acid sequence WSXWS con- 
served, but also the codons for the two 
serine residues of this motif are limited 
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(with one exception), to AGC and AGT, 
out of the six possible serine codons. 
This implies a common evolutionary 
origin for these receptors. The high 
degree of codon usage conservation of 
this WSXWS motif may possibly be 
exploited to design oligonucleotide 
probes for the purpose of cloning new 
members of this receptor family. 
^^The WSXWS sequence motif is not 
^Bund only in members of the 
tiematopoietin receptor superfamily A 
search of sequence databases and the 
scientific literature revealed this 
sequence in a small number of other 
proteins, however, conservation of the 
codons for serine is not generally 
observed in these other proteins. 
Notable among these proteins are the 
complement precursor proteins C7, C8 
and C9, as well as thrombospondin and 
properdin. These proteins share three 
common features: (1) a number of inter- 
nal sequence repeats, (2) localization 
at, or association with the cell mem- 
brane, and (3) interaction with one or 
more other proteins. Whether the struc- 
ture defined by the WSXWS motif has 
any functional role in hematopoietin 
receptors has not been determined, and 
there is no evidence to suggest that the 
WSXWS motif in these other proteins 
would have a similar function, if it has 
any at all. An interesting experiment 
would be to synthesize a WSXWS pep- 
tide and test it for its capacity to inhibit 
ligand binding to hematopoietin recep- 
tors, or to block the interactions or 
function of the above mentioned pro- 
teins. 



What might be the reason for the 
conservation of primary amino acid 
sequence (and presumably tertiary 
structure) between these receptors? 
One possibility is that it might reflect 
the interaction of these receptors with 
other cell surface molecules that are 
involved in receptor function. The lL-6 
receptor has been shown to be associ- 
ated with another cell-surface glycopro- 
tein, gpl30, that mediates signal trans- 
duction^. Perhaps this kind of associ- 
ation takes place with all the receptors? 
Alternatively, the common structural 
features of the receptors may reflect the 
structures of the ligands that bind to 
them. The structures of IL-2 and growth 
hormone have been determined, by X- 
ray crystallography, to be helix bundle 
proteins. It has been proposed that IL-4, 
erythropoietin and lL-6 also have helix 
bundle structures, so it is possible that 
all of the ligands will have this type of 
structure'^ " ". Since most, if not all, of 
these receptors can be truncated proxi- 
mal to the transmembrane region to 
produce a soluble extracellular domain 
that can still bind ligand, it may soon be 
possible to determine directly the 
structures of both ligands and recep- 
tors. 

Structural differences 

Having focused on the sequence simi- 
larities found in the members of the 
hematopoietin receptor superfamily, it 
is worthwhile to emphasize the differ- 
ences between them. The lL-6 receptor 
is unique among these receptors in 
having an N-terminal immunoglobulin- 



like domain'". In addition, the WSXWS 
sequence in this receptor is located 51 
amino acids upstream of the transmem- 
brane domain, compared with 18-22 
amino acids in other members of this 
receptor family. The most striking dif- 
ference between the receptors is in the 
lengths of their cytoplasmic domains 
(Fig. 1), which range from 54 amino 
acids (GM-CSFR) to 568 amino acids 
(human 1L4R). There is not much 
sequence similarity between the cyto- 
plasmic domains of these receptors, 
with the exception of the IL-2 receptor 
and erythropoietin receptor". There 
are, however, some overall similarities 
in the amino acid composition of this 
domain. The lL-2 receptor (1L-2R) and 
lL-4 receptor QLAK) have a relatively 
large proportion of acidic residues, and 
the cytoplasmic domains of the IL-2, 
lL-3, lL-4, lL-7 and erythropoietin recep- 
tor are rich in proline and serine 
residues. Whether these similarities in 
amino acid composition reflect com- 
mon signal transduction mechanisms 
remains to be seen. A serine-rich regioij 
in the 1L-2R |i-subunit cytoplasmic 
domain has been shown to be import- 
ant for signal transduction^'. However, 
there is no a priori reason to expect 
that receptors that share extracellular 
sequence homology should transmit an 
intracellular signal in the same manner. 
For example, the PDGF receptor and the 
lL-1 receptor are both members of the 
immunoglobulin superfamily, but the 
former has an intrinsic tyrosine kinase 
activity in its cytoplasmic domain and 
the latter does not''^l Some factor- 



Table I. Amino acid identities and palrwise augn S( 



s between members of the hematopoietin receptor superfamily 



Sequence hulL7R 



hulLTR'' 

mulL7R 

hulL4R 

mulL4R 

hulU2Rp 

hulL6R 

mulL3Rl 

tnulL3R2 

huGMFR 

muEPOR 

raPRLR 

rbPRLR 

huGRHR 

rbGRHR 



67.2 
17.2 
17.0 
18.7 
19.5 
20.1 
20.1 
17.9 
18.7 
19.6 
25.5 
22.4 
22.6 



Amino add identity (K) 



mulLTR 


hulL4R 


mulUR 


hulL2RP hulL6R 


mulLSRl 


mull3R2 


huGMFR 


muEPOR 


raPRLR 


rbPRLR 


huGRHR 


rbHRHR } 


33.8 


5.6 


5.9 


3.8 




3.1 


6,7 


2,4 


5,6 


6,0 


8.2 


4,3 


3.9 




5,6 


4.1 


4,8 


4.6 


4,0 


5,7 


3,1 


6,9 


5,5 


7.1 


3,6 


4.5 


19.3 




26.9 


5,4 


8.2 


4,9 


8.1 


5.7 


8,4 


3,8 


5,7 


3,1 


3.2 


19.1 


50.8 




4,7 


6,1 


4,9 


7,3 


4,8 


5,7 


4,6 


5,5 


1,7 


1,8 


21.1 


18.7 


21.2 




5,4 


3,4 


8,0 


7,3 


7,3 


4,8 


4,3 


4,4 


2.6 


19.1 


233 


21.7 


21.5 




4,5 


5,8 


6,6 


7,0 


8,7 
6,2 


9.3 


5,5 


6,5 


19.3 


22.7 


Z1.7 


183 


220 




7.6 


5,7 


4,3 


5,4 


5.3 


5,0 


22.0 


24.6 


343 


23.5 


231 


21.9 




8,4 


9,9 


7,6 


6,2 


5,2 


4,5 


18.2 


18;4. 


18.6 


1&5 


17.0 


18.9 


20.3 




9.7 


7.1 




5,9 


5,3 


20.6 


20.5 


17.1 


19.9 


204 


15.2 


22.0 


19.6 




9,4 


9,9 


6.2 


6,8 


20.6 


17.5 


21.B 


19.0: 


23.7 


193 


19£ 


21.9 


2i.e 




47.0 


13,3 


13,3 


20.6 


21.1 


20.8 


21 & 


2S.8 


183 




20.9 


23.7 


76,9 




14.4 


14,5 1 


18.7 




20.0 


19.5 


20.2 


22.4 


2$£ 


15,1 


18.0 


33.3 


35.4 




51,0 


20.6 


id-^ 


20:3 


1«.0 


21.2 


21.5 


20.7 


17.9 


24.2 


34.4 


36.4 


86.3 
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''Abbreviations: hulL7R, human 
I receptor; hulL2Rp, human int 
! murine interleukin-3 receptor 
i receptor: raPRLR, rat prolactin 



lnterleukin-7 receptor; mulL7R, r 



; interleul<in-7 receptor; hulL4R, human interleukln-4 receptor; mulL4R, 
jkin-2 receptor (P-subunit); hulL6R, human interleukin-6 receptor; mulL3Rl, murine interleukin-3 receptor 
i; huGMFR, human granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor; muEPOR, murin« 
sptor; rbPRLR, rabbit prolactin receptor; huGRHR, human growth hormone receptor; rbGRHR, rabbit growth hornnone receptor. 



interleukin-4 
=; mulL3R2, 
ythropoietin 
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Figure 2 

Amino acid sequence alignments of the 
members of the hematopoietin receptor 
superfamily. Sequences corresponding to 
the stippled areas in Fig. 1 were aligned 
as described". Amino acid residues 
present in six or more of the receptor 
sequences are boxed. The numbers at 
the beginning of the sequences indicate 
the residue within the receptor protein at 
which the alignment begins. Where no 

•number is shown, the alignment begins 
at the mature N-terminus of the protein 
(position 1). For abbreviations, see foot- 
note to Table I. 



dependent hematopoietic cell lines are 
capable of responding to a number of 
these cytokines by proliferation; these 
cells can be rapidly adapted from long- 
term growth in one factor, to growth in 
another, indicating possible shared sig- 
nal transduction pathways. There have 
been reports of increased tyrosine 
phosphorylation of various proteins in 
response to addition of these cytokines, 
including tyrosine phosphorylation of 
the receptors themselves in the case of 
lL-2 and lL-3-''^^ It is also worth noting 
that IL-3 and GM-CSF can cross compete 
for binding on some cell lines, but on 
other cells these cytokines demonstrate 
entirely independent receptor binding'^ 
Whether this reflects an as yet 
uncloned dual receptor for lL-3 and GM- 
CSF (the cloned receptors are specific 
for their respective ligands) or a more 
complex interaction between the lL-3 
and GM-CSF receptors on some cells 
remains to be determined. 

Summary 

The discovery of the hematopoietin 
receptor superfamily has provided a 

•atisfying unity to the field of cytokine 
esearch. It has long been speculated 
that the interleukins and colony stimu- 
lating factors might be evolutionarily 
related, on the basis of the similar sizes 
of the proteins, similar exon/intron 
organization of their genes, and com- 
mon sequence elements involved in 
control of gene expression. The finding 
of shared amino acid sequence features 
in their receptors provides strong sup- 
port for this view and points the way to 
understanding cytokine/receptor inter- 
actions in molecular detail via mutagen- 
esis and structural analysis. The recent 
progress in cDNA cloning of receptors 
for cytokines, neurotransmitters, ad- 
hesion molecules and other ligands has 
shown that certain structural motifs are 
used by nature over and over again and 



shuffled around during evolution. The 
hematopoietin receptors now take their 
place alongside the other groups of 
receptors that have been defined by 
sequence homologies such as the 
growth factor receptor tyrosine 
kinases^^ the immunoglobuUn super- 
family', the receptors related to the |i- 
adrenergic receptors", and a newly 
emerging group that includes the nerve 
growth factor receptor, tumor necrosis 
factor receptor and CD40^'*. 

Note added in proof 

During the preparation of this 
manuscript the localization of the 
disulfide bonds in the extracellular 
domain of the human growth hormone 
receptor was published^^. If the four 
conserved cysteine residues (indicated 
as horizontal bars in Fig. 1) are desig- 
nated as 1-4, starting at the N-terminus 
of the protein, then Cysl is paired with 
Cys2, and Cys3 with Cys4. The next two 
(non-conserved) cysteine residues are 
also paired, and the remaining (non- 
conserved) cysteine located just out- 
side the transmembrane domain (Fig. 2) 
is unpaired. It will be of great interest to 
determine if this pattern of disulfide 
bonding also occurs in the other 
hematopoietin receptors. 

Another recent publication-'" de- 
scribes the identification of homology 
between type 111 fibronectin domains 
and the C-terminal 90-100 amino acids 
of the extracellular domains of the 
hematopoietin receptors. Fibronectin 
like, type 111 domains are found in many 
proteins that mediate adhesion and 
assembly of complex structures, such 
as neural adhesion molecules, con- 
tactin, fasciclin II and others. It remains 
to be seen if this domain of the recep- 
tors will be involved in ligand binding 
or in binding to structural components 
of the cell, either extracellularly or dur- 
ing internalization. 

Interestingly, the murine G-CSF recep- 
tor has now been cloned^' and found to 
belong to the hematopoietin receptor 
family. The N-terminal portion of the 
extracellular region consists of an 
immunoglobulin-like domain (like the 
IL-6 receptor) followed by a typical 
hematopoietin receptor domain that 
mostly closely resembles the prolactin 
receptor, followed by an additional 
three fibronectin type 111 domains 
before the membrane-spanning region. 
A similar structure is found for the 
human G-CSF receptor (A. Larsen et at., 
unpublished). 
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WHEN a CELLS AND a CELLS of the 

yeast Saccharomyces cerevisiae come 
into close contact, they bind the 
peptide pheromone released by the 
opposite cell type. Binding of these 
pheromones sets in motion a cascade 
of signaling events that allows the two 
cells to mate with each other. This 
fundamental process in a one-celled 
eukaryote has broad implications for 
the study in larger eukaryotes of mem- 
brane-spanning receptors, G proteins, 
transcriptional regulators and cell-cycle 
components. 

The mating process in yeast has been 
studied by investigators approaching 
the problem and now converging on it 
from several directions. (1) One major 
undertaking has been to understand the 
basis of cell-type specificity: how do 
cells of opposite mating type arise? 
(2) A second direction has been the role 
of the receptors and their downstream 
components: how does the pheromone 
signal get transduced? (3) A third ap- 
proach has focused on the process by 
which a yeast cell normally completes 
its cell cycle: how does the mating 
process disrupt this cycle? The com- 
bination of these studies has delineated 
a pathway of signal response leading 
^om pheromone-receptor interaction 
Wo changes in gene transcription and 
cell<ycle progression. In its overall out- 
line, the pathway has similarities to that 
used by growth factors in other organ- 
isms to regulate cell proliferation. 

Control of cell-type specificity 

Although a and a cells differ in the 
proteins used for cell-cell recognition 
(pheromones, receptors and agglutin- 
ins), they differ in only a single genetic 
locus. This mating type locus {MAT) en- 
codes transcriptional regulators that 
control the expression of many 
unlinked genes. The genes expressed 
only in the a cell (a-specific genes) 
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1' henMlltHir irMXMISt' ill 



In response to peptide pheromones, yeast cells prepare themselves for 
mating; changes include arrest of the cell cycle and induction of 
transcription. Proteins involved in this signal transduction pathway include 
the pheromone receptors, subunits of a G protein, protein kinases and 
DNA-binding proteins. Understanding of this pathway has been facilitated 
by yeast genetics, which has allowed the genes encoding all of these 
proteins to be identified and characterized. 



include those for the pheromone a-fac- 
tor and the receptor to the pheromone 
a-factor; similarly, genes expressed only 
in the a cell (a-specific genes) include 
those for a-factor and the receptor to a- 
factor. Another set, the haploid-specific 
genes, is expressed in both a and a 
cells and encodes a variety of products, 
including several components of the 
pheromone response pathway. These 
gene sets are constitutively transcribed 
and are responsible for the basic 
mating apparatus of the haploid cells, 
which both differentiates the two cell 
types and allows them to respond to 
the opposite type. This constitutive (or 
basal) transcription is dependent on 
two regulatory networks, as described 
below: the MAT products, and the 
pheromone response pathway in its 
unstimulated state. In addition, the 
transcription of a-, a- and many hap- 
loid-specific genes is induced by 
pheromone, and this induction is 
dependent on the response pathway in 
its stimulated state. 

The MATa allele, contained in a cells, 
encodes two proteins that regulate a- 
and a-specific gene transcription (the 
role of these proteins is reviewed in 
Ref. 1). The MATa allele, contained in a 
cells, encodes a protein necessary for re- 
pression of haploid-specific gene tran- 
scription in the a/a diploid. Thus the 
AMT-encoded proteins constitute the 
regulatory switches that determine 
which sets of cell-type-specific genes 
are expressed. 



sre genes and the signal pathway 

The two yeast pheromones, a-factor 
and a-factor, are small peptides which 
bind to cell surface receptors. a-Factor 
comprises 13 amino acid residues and 
is secreted from the cell via the classi- 
cal secretion pathway. The 12 amino 
acid a-factor is modified at its C-ter- 
minus by a methyl ester and a farnesyl 
group; secretion of a-factor is depen- 
dent on a protein with homology to the 
multi-drug resistance P-glycoproteinl 
Binding of either pheromone leads to 
several striking changes, including tran- 
scriptional induction of a variety of 
genes required for mating, eurest in the 
G, phase of the cell cycle at a position 
termed Start, and formation of cell sur- 
face projections (reviewed in Ref. 3). 
Cells displaying these morphological 
changes have been termed 'shmoos'. 
The pheromone-treated cells are able to 
fuse with each other to form a transient 
heterokaryon, which is followed by 
fusion of the two haploid nuclei to yield 
a single diploid nucleus. The resultant 
zygote is then able to resume vegetative 
growth (Fig. 1). 

Since response to pheromone is a 
requirement for mating, numerous 
attempts have been made to identify 
components involved in the signaling 
process by identifying mutants unable 
to mate. Two of the earliest genes iden- 
tified, STE2 and STE3 (ste indicates that 
the mutant is sterile) affect mating in 
only one cell type; STE2 is required only 
by a cells and STE3 only hy a cells. 
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CD4 (T4) is a glycoprotein of relative molecular mass 55,000 (Mr 
55K) on the surface off lymphocytes which is thought to interact 
with class II MHC (major histocompatibility complex) molecules, 
mediating efUciciit association of helper T cells with antigen- 
bearing targets'""'. The CD4 protein is also the receptor for HIV, 
a T-lymphotropIc RNA virus responsible for the human acquired 
immune deficiency syndrome (AIDS) (refs 4-7). To define the 
mechanisms of interaction of CD4 with tiie surface of antigen- 
presenting cells and with HIV, we have isolated the Cb4 gede and 
expressed this gene in several different cellular eiivironmcnls^''. 
Here we describe.an eilicient expression system in which a recom- 
binant, soluble form of CD4 (sCD4) is secreted into tissue culture 
superuatants. This sCD4 retains the structural and biological 
properties of CD4 on the cell surface, binds to the envelope 
glycoprotein (gpliO) of HIV and inhibits the binding of virus to 
CD4'*' lymphocytes, resulting in a striking inhibition of virus 
infect ivity. 

The Cp4 molecule is comprised of an N-terminal hydro- 
phobic signal sequence, four extracelluiar domains ' with 
homology to immunoglobulin variable and joining regions, a 
hydrophobic transmembrane domain, and a highly charged 
cytoislasmic segment"-'. To obtain large quantities of the 
extracellular segment of CD4, we introduced a termination 
codon into the CD4 complementary DNA^ at the extracellular 
boundary of the transmembrane domain, expecting that the 
truncated protein would be secreted in a .soluble form. This 
sCD4 cDNA was inserted betwten the SV40 early promoter and 
the bovine growth hormone (BGH) polyadenylalion site 
(Fig. la). The sCD4 expression cassette was linlced to a mouse 
dihydrofolate reductase (.dh/r) expression cassette'" to permit 
co-ampli!icaiion of the sCD4 gene on exposure to increasing 
concentrations of the dh/r inhibitor methotrexate (MTX). This 
vector, psT4DHFR (Fig. la), was transfected into the -dhfr- 
deficieni CHO cell line, DXBIi (ref. 1 1), and transformants were 
selected and exposed to progressively increasing concentrations 
of methotrexate'". Supernatants from clones were monitored for 
the expression of sCD4 by one of three indepetident assays: (1) 
immunoprecipitation from '^S-labelled cultures with CD4- 
specific monoclonal antibodies; (2) Western blot analysis Using 
a rabbit anti-CD4 polyclonal antibody developed against a 
denatured CD4 protein produced in bacteria; and (3) competi- 
tion enzyme-linked immunosorbent ass'ay (ELISA) performed 
with immobilized sCD4. 

"S-methionine- and ^*S-cysteine-labelIed sCD4 from culture 
supernatants was specifically immunoprecipitated by each of 
six anti-CD4 monoclonal antibodies but not by control anti- 
bodies (Fig, lb). In contrast, when culture supernatants were 
analysed under denaturing conditions by Western blot analysis, 
sCD4 was not recognized by any of the six anti-CD4 monoclonal 




Fig. J a, Plasmid psT4DHFR is a pUC18 derivs 
base pairs (bp) 1-1,257 of the CD4 cDNA clone pT4B' which 
encodes the leader and extracellular segment of CD4. This sCD4 
cDN A is. inserted between an SV40 early promoter and a synthetic 
linker containing a TAA termination codon (in.sei) followed by 
the polyadenylalion region of the bovine growth hormone gene. 
The sCD4 expression cassette is linked to a mouse dhfi expression 
cassettfc consisting of the /3-globin promoter, mouse dhfr coding 
sequence and the SV40 polyadenylalion region. 6, Epitope charac- 
terization of sCD4. Cell lines were mctabolically labelled v»iih 
''S-methionine and cysteine and the supernatants were 
immtinoprecipitated with monoclonal antibodies to CD4 (OKT4, 
T4A, T4C-F), CDS, and control antibodies (mouse IgG (M, IgGl 
and rabbit anti-mouse IgG (RaMlgG)). Regular molecular masses 
(M,) arc given iii thousands. 

Methods, a, Plasmid psT4DHFR was constructed in pUClg and 
contains the following sequence elements isolated from previously 
reported plasmids: SV40 fcarly promoter'", SV40 poly(A) early 
region'", bovine growth hormone poty(A) region'", niouse (3- 
globin promoter''', mouse dhfr coding region'^ and bp 1-1257 of 
the CD4 cdNA clone pT4B'. The full-length CD4 cDNA was 
truncated at a Hpali site (bp 1,252) and Hgated to a synthetic 
linker (inset) which restored bp 1,253-1,257 of the CD4 coding 
sequence and placed a TAA termination codon after bp 1,257. 
DXB-1 1 cells, a dhfr~ CHO cell line", were transfected by calcium 
phosphate precipitation"' with 10 or SOjigof psT4DHFR one day 
after sccdirig. Transformants were selected in nucleoside-free 
medium and the transforming sequences were amplified through 
rounds ofincreasing MTX concer on 6 Cultures containing 
1 X 10" cells per 60 mm culture dish were labelled for 16 h at 37 °C 
in 1.5 nil methionine and cysteine free F12 medium containing ITS 
(Collaborative), glutamine, 170 (iCi mT' '^S-methionine and 
aOnCimr' "S-cysteine (ICN). Clarified media was precleared, 
incubated wish 5 (xg OKT4, T4A, T4C-T4F, 0KT8 (P. Rao, Orlho), 
mouse IgG (Cooper), or rabbit anti-mouse IgG (Cooper) for 30 mlii 
as 4°C, then incubated with protein A-Sepharose beads. The heads 
were washed t«-ice, boiled for 5 min in 20 jlI sample buffer and 
analysed by electrophoresis through a 12.5% :SDS-polyacry!amide 
gel under reducing conditions. 
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Fig. 2 a, SDS-PAGE 
profile of purified sCD4. 
Reiative molecular masses 
{AfJ arc given in kiiodal- 95 
tons, b, Coprccipitaiion of 
HIV gpliO with sCD-t. 
Supernatant containing 
sCD4 and control super- 

DXB-n cells were ad- 
sorbed to Sepharosc heads 31 
coated with 0K.T4, control 
antibody MOPCMl (iso- 
lype matched to OK'IH), or 
human anti-HIV IgG. The 
beods were washed, mixed with a lysate 
nf -"S-methioninc-labcllcd HIV, washed, 
and bound material was eluted and subjec- 
ted to SDS-.poiyacrylamide gel elec- 
trophoresis (SDS-PAGE). l-ane i.eluate 
from OKT4 beads incubated with sCD4; 
ianc 2, cluatc from OK.T4 beads incubated 
with control supernatant; lane 3, eluate 
from MOPCWl beads incubated with 
.sCD4; lane 4, cluatc from anti-H I V beads; 
lane 5, cluatc from non-immune ]gG 
beads. Relative molecular masses are given. 
Methods, a. Purified sCD4 (3 »ig) was elecirophoresed through a 12.5% 
polyacrylamide gel and visualized by silver stain, b, A lysate of extracel- 
lular HIV was internally labelled with "S-methionine and "S-cySteinc 
as previously described". Sepharosi; beads coupled to OKT4 monoclonal 
antibody, M0PC141 paraprotein (isotype matched to 0K.T4>, human 
anti-HIV igO and non-immune human IgG were prepared as previously 
described'. 0KT4 beads and MOPCi41 beads (lOp-l) were incubated 
for 2 h at 4 °C with ~S ng of sCD4, or control supernatant from unlrans- 
foniicd DXB-n cells, then washtid once with iysing buffer. TTic -'S- 
labcllcd HiV (prcadsorbcd) was added and the beads were incubalcd 
for 3h at 4°C. Washing, clution of bound material and SDS-PAGE 
under reducing conditions were performed as previously described . 





g. 3 a, .sCD4 inhibits HiV binding to CD4* CEM T cells. Cells 

ire incubaicd with buRer { ), HI V precincubated with sCD4 

— >, or with HIV preincubated with concentriite control supcr- 

lant from untransforroed DXB-U ( ), washed, exposed to 

loresccin-conjugaled anti-HlV antibody, and analysed by cyto- 
lorometry as previously described". A fluorescence histogram 
ell number against fluorescence intensity) is .shown, b. Plot of 



antibodies (which recognize only native protein), bul was readily 
detected by rabbit anti-CD4 polyclonal senim raised agaiiist a 
denatured forin of CD4 produced in bacteria (not shown). 
Several i:loneS synthesize >3 pg orsCD4 per eel! in 24 hours, 
giving -40 mg of sCD4 per litre in high-density suspension 
cultures over 4 days. We have purified large quantities orsCD4 
to >95% purity (Fig. 2a), and this purified protein shows the 
same pattern of antibody reactivity as dtscribed for sCD4 in 
culture supernates. These data suggest that sCD4 maintains a 
configuration analogous to the native extracellular domain of 
CD4 on the lymphocyte surface. 

We next examined whether sCD4 associates with HIV 
envelope glycoprotein gpl 10. Purified sCD4 (~5 p-g) was adsor- 
bed to Sepharose beads coated with 0KT4 or control antibody. 
OK T4 associates with the CD4 molecule without inhibiting the 
ability of CD4 to interact with virus""'. The beads were mixed 
with a lysate of "S-methioninc-labclled HIV. Only the llOK 
envelope glycoprotein is coprecipitated by the complex orsCD4 
with 0KT4 (Fig. 26, lane 1); no viral proteins are precipitated 
by 0KT4 beads without sCD4 or in the presence of control 
supernatants from the untransfected CHO cells (Fig. 2b, lane 
2). Furthermore, no viral protein is pi-ecipitated if Sepharose 
beads coated with control mouse immunoglobulin (isotype mat- 
ched to 0KT4) are incubated with sCD4 (Fig. 2b, lane 3). Thus 
the soluble CD4 protein, without other T-cell surface com- 
ponents can specifically associate with the envelope glycoprotein 
of the AIDS virus. 

To examine whether sCD4 abolishes HIV Binding to the 
surface of CD4* cells, CEM T cells (which carry CD4) were 
exposed to H!V in the presence or absence of sCD4. After viral 



adsorption, the cells were washed, exposed to fluorescein-conju- 
gated anti-HIV antibody, and analysed by flow cytometry 
(Fig.3a)'^-'. HIV binds efficiently to CEM cells; but if the virus 
is preincubated with sCD4 the binding is abolished; 3 ng of 
purified sCD4 is sufficient to inhibit the binding of 100 rig of 
viral protein (Fig. 36). We estimate that if the envelope gly- 
coprotein comprises 5% of the total viral protein, then a 2: 1 
molar ratio of CD4 to gpI20 can completely inhibit HIV binding 
to CD4* cells. 

Finally, we have examined the ability of soluble CD4 to Inhibit 
the infection of 004" cells by HIV. Phytohaemagglulinin 
(PHA)-slimulated human lymphocytes were exposed to serial 
ten-fold dilutions of an HIV inoculum in the presence or absencie 
of sCD4, washed and plated in microculture. The frequency of 
infected culture was determined using an immunoassay 4, 8 and 
12 days after exposure to virus'^ (Fig. 4fl). We define the infec- 
tious virus titre, 1 D-SO, as the reciprocal of the dilution required 
to infect 50% of the exposed cell cultures at day 12 (Fig. 4i>). 
In the absence of sCD4, the ID-50 observed with our viral 
inoculiim is ~10\ However, in the presence ofS p-g mP' piirified 
sCD4, the infectivity is diminished to an ID-SO of 10'-^ (Fig. 
4h). This dramatic reduction in infectivity is observed 
throughout the coiirse of infection. As a Control for nonspecific 
inhibition or toxic effects, sCD4 was added to cultures 18 h after 
the initial exposure to virus. These cultures show only a 1 log 
inhibition in the ID-50 (Fig. 4fc), probably resulting from inhibi- 
tioii of virus spread after the initial inoculation. Thus, the 
inhibition of virus infection by sCD4 is likely to be a result of 
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Fig. 4 Inhibition oC HIV iiifeaivily by sCD4. a. Plot of percentage 
of cultures positive for HIV ai day 8 versus dilution of virus 
inoclum; b. Plot of ID-SO (reciprocal of virus diltition at which 
50% of cultures are positive) at days 4, S and 12. Infeciivity titration 
of an HIV inoculum (ID-50 assay) was performed as previously 
described". Briefly, serial 10-fold dilutions of virus inoculum are 
incubated with indicator cells (PHA-slimulatcd human lym- 
phocytes) for 18 h. The cells are then washed and plated in micro- 
culture (1 X 10' cells per culture, 10 cultures per dilution). At days 
4, 8 and 12, supcmatants are tested for H I V by the antigen capture 
assay . lD-50 titrations were performed in media containing 
8.6iJ.smr' .■!CD4 which was added to the HIV dilution 30min 
before inoculation of cells and maintained in the culture media 
throughout the experiment (B-MI), or in media containing sCD4 
introduced after the initial 18 h inoculum (O— O) (delayed addi- 
tion control), or in media without sCD4 (D— O), control). 



the .specific association of sCD4 with gpllO, inhibiting the 
interaction of virus with CD4* cells. We estimate tiiat our viral 
preparations of 10" infectious particle.s per ml actually contain 
10* particles per ml. If each particle contains 1,000 envelope 
glycoproteins, the 3.5 log inhibition we observe is obtained at 
a ratio of 1,000 CD4 molecules per molecuie of envelope glyco- 
protein. 

The ability of sCD4 to bind gpllO and inhibit viral infection 
in viiro immedialeiy suggests the potential use of sCD4 as an 
antiviral agent in AIDS patients. Although significant variance 
exists among the diflerent HIV isolates, each appears to use 
CD4 as a cellular receptor. Thus, sCD4 is likely to be a universal 
inhibitor of viral infection. Although sCD4 is extremely effective 
in vitro, its use in man will depend on the pharmacokinetics of 
sCD4, its immunogenicity, its effects on the cellular immune 
response and the clinical significance of inhibiting viral spread 
in infected individuals. Whatever the efficacy of sCD4 as a 
therapeutic in AIDS, this reagent should aHow a more preci.se 
understanding of the structural basis for the association orCD4 
with the HIV envelope glycoprotein and with the surface of 
antigen-presenting cells. 
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Human immunodeficiency virus (HIV) infection can bring about 
total collapse of the immune sj-stem'-' by infecting helper T 
lymphocytes which express CD4, the molecule which mediates 
interaction between the cell surface and viral envelope glycoprotein 
gpl20 (rcfs 3-10). HIV apparently escapes the elTects of neutraliz- 
ing antibodies in vivo by generating new variants which must still 
interact with CD4 to maintain a cycle of infectioD""'^ One route 
to block HIV infection, therefore, could use solubilizcd CD4 
protein to inhibit attachment of the virus to its target cell. We 
have used recombinant DNA techniques to generate soluble forms 
of CD4, and show here that these are potent inhibitors of HIV 
infection i»i wilro. 

Two diltcrent chimaeric genes based on immunoglobulin- 
expression systems were made (Fig. I). The construct HT4-Y1 
codes for the N-terminal immunoglobulin-Jike region and three 
following domains of CD4 which comprise the whole extracel- 
lular portion; the other, HT4-X6, codes for the imraunoglobulin- 
like and second domains only'^-"^. In both cases the C-lerminal 
part of the protein consists of the immunoglobulin k light-chain 

The introduction of these constructs into myeloma cells (Fig 

2) resulted in the secretion of the two chimaeric proteins of 
predicted apparent molecular weight; HT4.Y1 and HT4-X6 
transformants produced molecules of relative molecular mass 
( M,) 60,000 (60K) and 30K respectively, as detected by Western 
blotting with anti-K antibodies (Fig. 2a). Furthermore, 
irnmunoprecipitaiions of the supernatants with two different 
monoclonal antl-CD4 antibodies (Fig. 26) showed that these 
secreted proteins retained at least some of their original confor- 

In addition, the soluble CD4 proteins could bind at low 
concentration to purified HIV-envelope protein gpl20 in solid- 
phase assays, consistent with a high-affinity interaction'" (Fig- 

3) . The lower intensity of the signal generated by the 'complete' 
CD4 (YI24) compared to the truncated one (X6-10) is probably 
due to a concentration difference in the supernatants (20 and 



